SUMMARY Segments of carotid, femoral, saphenous, and left circumflex coronary arteries were obtained from control, renal hypertensive, and nephrectomized hypertensive dogs for in vitro study of mechanical properties. Hypertension was produced in two-kidney dogs by unilateral renal artery constriction. After 3 months, the compromised kidney was removed in half of the dogs. Mean arterial pressure was significantly elevated in the hypertensive dogs after 3 months (127 ± 2 vs 94 ± 1 mm Hg for controls) and partially returned toward normal 3 months after nephrectomy (105 ± 2 mm Hg). Pressure-diameter relations were determined under conditions of rmnrimnm active and passive smooth muscle activation. Contiguous segments were used for the determination of water and connective tissue content. Hypertension was associated with increased passive arterial wall stiffness at most sites, with a partial return toward normal after nephrectomy. Maximum responses to smooth muscle activation (active stress and constriction response) were augmented in arteries from hypertensive dogs and partially returned toward normal in the nephrectomized hypertensive group. The elastin content of these arteries was unchanged, while collagen content was nonuniformly decreased in renal hypertensive dogs. Small decreases were found in the radius-wall thickness ratio of some arteries. No significant mechanical changes occurred in the saphenous artery. The largest hypertension-related changes were found in the coronary arteries, which also exhibited the smallest recovery toward normal properties after nephrectomy. 1 -2 These include changes in arterial smooth muscle mechanics, wall composition, responsiveness to vasoactive agents, and functional properties of smooth muscle cell membranes.
B
OTH experimental and genetic forms of hypertension in human and animal subjects are associated with a wide variety of changes in arterial wall properties and function. 1 -2 These include changes in arterial smooth muscle mechanics, wall composition, responsiveness to vasoactive agents, and functional properties of smooth muscle cell membranes. 3 - 6 Some of these changes in arterial wall properties are thought to be responsible for the pathogenesis of hypertension, 3 -6 while some have been shown to be the direct result of the elevated blood pressure per se. 7 -9 Elevated blood pressure is presumed to exert some influence on the synthetic machinery in vascular smooth muscle cells, causing them to alter the balance between synthesis and degradation of wall components. The exact nature of these signals has not been clearly defined, but they are thought to be due at least in part to increased arterial wall stress or strain. 10 These altered arterial wall properties have profound effects on circulatory function in the hypertensive subject, including changes in peripheral resistance, neural control of the circulation, and the mechanical work of the heart. Elevated arterial pressure also produces increased wear and tear on blood vessels, ultimately leading to pathological changes in the coronary, cerebral, and renal circulations and hence to the increased morbidity and mortality 1 '-14 associated with hypertension.
The goal of antihypertensive therapy is to lower or normalize arterial blood pressure, thereby removing at least those components of the signal(s) producing arterial wall degenerative changes in hypertension. It is further hoped that normalization of arterial pressure will act to allow for reversal of previous changes in arterial wall properties produced by hypertension by lowering arterial pressure and thereby decreasing the magnitude of the signal stimulating the imbalance between synthesis and degradation of wall components.
The degree to which the hypertension-induced arterial wall changes are actually reversed with normalization of blood pressure has been incompletely characterized.
1S
- 20 The effects of antihypertensive therapy on hypertension-related changes in arterial wall properties have been reported to vary from complete normalization 161720 to no change. 1618 - 20 - 22 Accordingly, this study attempted to determine the reversibility of arterial wall changes associated with renal hypertension in the dog.
Materials and Methods
These experiments were performed using healthy, adult mongrel dogs of either sex with an average weight of 27.4 kg at the beginning of the experimental procedures. The animals were initially selected to be heart worm-free, and this was confirmed at terminal procedures in each animal. The animals were trained for 2 weeks to lie quietly on a table in the experimental laboratory so that indirect arterial blood pressures might be obtained using a cuff-type occlusion method. The reliability of the specific method employed was documented to our satisfaction by comparing indirect results with those obtained from indwelling arterial pressure measurements made simultaneously.
At the end of the training period, hypertension was initiated using a two-kidney, one clip renal artery stenosis model similar to that described by Lupu et al. 23 The animals were anesthetized with 1% halothane in oxygen. Under aseptic conditions, the left kidney was mobilized by a retroperitoneal approach and freed of surrounding superficial tissue. A cuff-type electromagnetic flow probe was placed on the main renal artery. Blood flow was measured continuously using a gated sine wave electromagnetic flowmeter and recorded with an ink-writing oscillograph. The main renal artery usually branched into two to four major daughter branches. The largest of these was selected, and all the remaining daughter branches were ligated. The main branch was progressively plicated with 6-0 sutures to create a stenosis. Sufficient time was allowed for autoregulatory changes to occur in renal blood flow in order to produce a clear, steady state plateau response. Plication was continued until blood flow was reduced to a stable value that was 20 to 25% of the initial control flow. At this point, the kidney was returned to its original position and the incision was closed in layers. The animals received antibiotic therapy and fluids for 3 days following the surgical procedure. The animals were brought to the laboratory several times a week for inspection of the incision, general physical examination, and indirect measurement of hindlimb blood pressure.
After 3 months of hypertension, one group of these animals was brought to the laboratory for terminal studies unrelated to those described herein. At the end of those studies, the animals were killed with euthanasia solution (T-61, American Hoechst) and segments of carotid, femoral, left circumflex coronary, and saphenous arteries were removed for in vitro study.
In a separate group of animals, after 3 months of hypertension, the plicated kidney was removed aseptically under general anesthesia. Blood pressure was monitored in the nephrectomized animals while it declined from the hypertensive level to a new steady state level, usually in 2 to 3 weeks. When the new steady state level of arterial blood pressure had been reached, the animals were maintained for 3 additional months. At the end of this period, terminal experiments were performed on these animals as well. Following the death of the animals, arteries were taken from the same sites for in vitro study.
The arteries removed from the animals were placed in a physiological salt solution (PSS) at room temperature and aerated with 95% O 2 , 5% CO 2 . The PSS had the following composition (mM): 114.5 NaCl, 24.5 NaHCO 3 ,4.5 KC1,2.5 CaCl 2 ,1.2 MgSO 4 , 1.2 NaH 2 PO 4 , 2.4 Na 2 SO 4 , and 11.2 dextrose. The arteries were trimmed of loose adherent fat and tissue and maintained in PSS at 37 °C for 2 additional hours. At the end of this period, they were placed in sealed vials of aerated PSS and placed in the refrigerator overnight. This procedure has been used in the past by us and others 24 -26 and provides more uniform results with regard to functional properties and composition of arteries.
Mechanics
Intact, cylindrical segments of carotid, femoral, coronary, and saphenous arteries 1 to 2 cm in length were used for determination of active and passive wall mechanics. The segments were removed from the refrigerator and placed in PSS aerated with 95% O 2 , 5% CO 2 at 37 °C for 3 hours. Segments were mounted in random order in an in vitro apparatus that has been described in detail previously. 27 -29 Briefly, the segments were mounted on two adapters in a tissue chamber maintained at 37 °C. One adapter was attached to an isometric force transducer for the measurement of axial wall force. The other adapter was connected to a manifold on a screw-operated slide assembly and was used to set the length of the vessel to a value equivalent to its in vivo extension. Segments were inflated using an electropneumatic transducer driven by a compressed air supply. Inflation pressure was measured at a T connection in the manifold using a solid state pressure transducer (Model 8510-15, Endevco, San Juan Capistrano, CA, USA). The external diameter of the segments was measured using a cantilever transducer pivoted from above as described previously. 27 -29 Pressure and diameter data were recorded on an X-Y plotter (Hewlett-Packard, Palo Alto, CA, USA). The use of compressed air for inflation results in the loss of endothelium-mediated relaxation responses. The loss of endothelium was confirmed functionally by the absence of relaxation responses to acetylcholine 30 and morphologically by the absence of endothelial cells in en face sUver-stained sections. 31 The vessels were allowed to equilibrate for 1 hour following mounting in the apparatus at a pressure of 50 mm Hg. The vessels were then activated with 75 mM K + plus 10 /AM norepinephrine or serotonin (only coronary arteries) and 1 fiM propranolol. This procedure was used to produce maximum activation and prevent any contribution of relaxation from /3-adrenergic receptors. After the segments constricted to a steady state diameter, pressure was lowered to 0 mm Hg and maintained until the diameter once again stabilized (5-10 minutes). Inflation pressure was then increased continuously at a constant rate of 0.1 mm Hg/min up to 300 mm Hg for carotid, femoral, and coronary arteries and 500 mm Hg for saphenous arteries. These high pressures were necessary to define the entire active stress-diameter relationship including the peak response. Pressure was subsequently lowered to 0 mm Hg, but the deflation curve was not recorded. The bath was drained, rinsed, and refilled with a Ca 2+ -free PSS containing 0.2 mM EGTA. Pressure was varied continuously between 0 and 250 mm Hg at a rate of 1 mm Hg/min for all arteries until a stable pressure-diameter curve was produced. At this point, one complete inflation/deflation cycle was recorded on the X-Y plotter. The segments were removed from the apparatus and lightly blotted, and length and wet weight were determined. The rationale and validity of these methods have been described previously in detail.
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The pressure-diameter curves were converted to digital form using a digitizer tablet (Talos, Cal Comp, Anaheim, CA, USA) and transferred to a digital computer (PDP 11/23, Data Systems, San Jose, CA, USA) for analysis. Values of diameter were determined at 5 mm Hg steps. Values of tangential wall stress (o-) were computed from values of transmural pressure (P) using the following equation 28 : a = a/(b -a) x P, where values of a and b are internal and external radii, respectively. Values of external radius were determined directly from values of external diameter. Values of internal radius were determined from values of tissue wet weight, segment length, and external diameter assuming that arteries are deformed isovolumetrically.
The performance of vascular smooth muscle in the segments was quantitated in two ways: as active stress and active diameter responses. 29 Values of active stress were determined using differences in values of wall stress at specific values of diameter under active and passive conditions and the preceding equation. These wall stress differences were computed at a variety of different values of wall diameter. Values of active diameter response were determined as differences in values of mid-wall diameter at specific values of transmural pressure under active and passive conditions. These diameter differences were normalized by dividing by the passive value of mid-wall diameter at each pressure and expressed as a percentage. The methods and procedures used in this analysis have been described in detail in previous publications from this laboratory (e.g., References 27-29).
Chemical Analysis
Artery samples were used for the determination of connective tissue content using a modification of the method of Neuman and Logan. 32 Collagen and elastin were separated by heat and pressure. The hydroxyproline content of the extract and residue was determined and used to determine the collagen and elastin content, respectively.
The extracellular water content was determined using cobalt-60 chelated to EDTA as an extracellular marker. 33 This marker has a distribution space equivalent to that of sucrose. Tissues were incubated in normal PSS at 37 °C for at least 2 hours. They were then transferred to an equivalent PSS containing the marker for an additional 20 minutes. The samples were then removed and lightly blotted to remove surface water, and their wet weight was determined. The samples and aliquots of loading solution were counted in a well-type gamma counter (Model 1191, Traycor, Chicago, IL, USA). Extracellular water space and total water space were determined. Cell water was assumed to be the difference between these two quantities.
Statistics
Statistical significance was assessed by analysis of variance. 34 The F statistic was calculated to determine the presence of significant differences. If they existed, a modified t statistic was determined 35 and used to test for statistical significance (p < 0.05).
Results
Values of arterial pressure recorded under the three conditions (prehypertensive control, 3 months of hypertension, and 3 months after nephrectomy) are summarized in Table 1 . Unilateral renal artery stenosis in these experiments resulted in an average 33 mm Hg increase in mean arterial pressure. Most of the increase in arterial pressure occurred during the first month after renal artery constriction. Removal of the kidney with the plicated renal artery to produce resolution of pressure resulted in a decrease of pressure over a period of 2 to 3 weeks to values that were nearly midway between hypertensive and control values. Arterial blood pressure remained significantly elevated following nephrectomy in all animals. Figure 1 shows typical examples of active and passive pressure-diameter curves from the various arterial sites. There were obvious differences in the curves recorded under control and hypertensive conditions. In general, hypertension was associated with an increase in the area bounded between the active and passive curves. In the case of the femoral and saphenous arteries, this increase resulted primarily from a shift in the plateau of the active curve to higher values of transmural pressure. In the case of the carotid and coronary arteries, the principal change was a shift of the active curve upward and to the left. Nephrectomy was associated with only small changes in the active and passive pressure-diameter curves that remained similar in appearance to those of the hypertensive arteries. Differences in these curves are presented in a more quantitative fashion in subsequent paragraphs.
In Figure 2 , values of passive mechanical properties are summarized in the form of tangential stressstrain curves for arteries from the various sites. The curves for hypertensive arteries were significantly shifted to the left, indicating an increase in passive stiffness for all sites except the saphenous artery. With the exception of the saphenous artery, passive mechanics of arteries from nephrectomized animals tended to be shifted slightly to the right relative to the hypertensive curves, but none of the differences were statistically significant. The coronary artery showed the smallest rightward shift following nephrectomy, and the femoral artery the largest. Passive stiffness of the saphenous artery from nephrectomized hypertensive animals was not significantly different from that of the hypertensive animals, but it was significantly stiffer than that of controls.
A summaryjrf some passive values of mechanical properties Is given in Table 2 from hypertensive and nephrectomized animals: They were decreased in the saphenous artery and increased in the coronary arteries under both conditions. Values for the carotid and femoral arteries were not altered from control values. A summary of values of connective tissue content (i.e., collagen and elastin) is given in Table 3 . As indicated in this table, no consistent changes in collagen or elastin concentration were associated with hypertension or nephrectomy in this study, but some trends were apparent. Collagen content tended to be lower than control values in the hypertensive arteries (only values for carotid and coronary arteries were significant) and tended to be higher following nephrectomy (only values for femoral and saphenous arteries were significant). No significant changes in elastin were found. Changes in collagen plus elastin content and collagen/elastin ratio tended to follow the collagen changes. Figure 3 shows a summary of values of active stress for arteries from the three groups of animals. There were significant increases in values of active stress associated with hypertension when expressed on the basis of total wall cross-sectional area in carotid, coronary, and femoral arteries (Table 4) . On a relative basis, these increases were largest for the coronary arteries. There were no significant differences in values of active stress in saphenous arteries between control and hypertensive animals. Reductions in arterial blood pressure by nephrectomy produced a decrease of variable magnitude in values of active stress toward control levels. This decrease in active stress was smallest for the coronary and femoral arteries and largest for the carotid arteries. As the coronary arteries had the largest percent increase in active stress with hypertension, the relative elevation in active stress for the coronary arteries was the highest. No effect of hypertension or nephrectomy on active stress was found in the saphenous arteries.
A summary of values of active diameter response is given in Figure 4 . Maximum values of active diameter response were increased only in hypertensive coronary arteries (see Table 4 ). Values of active diameter response were better maintained at higher pressures in arteries from both hypertensive and nephrectomized hypertensive animals. In general, nephrectomy had no significant effect on active diameter responses at any site; values remained similar to hypertensive values. Table 5 shows a summary of values of water content and its distribution between extracellular and cellular components. Total water content was generally not significantly different under the three conditions. Values of'"Co-EDTA distribution space were only significantly lower in coronary arteries from the hypertensive animals. As a result, there was a significant increase in cell water content only in hypertensive coronary arteries. Nephrectomy produced a reduction in values of cell water compared with those of the hypertensive animals that was significant only for the femoral artery. Cell water content of coronary arteries remained elevated following nephrectomy compared with that of controls. Table 6 shows values of relative cell volume Values are means ± SEM. Ao-mu = maximum value of active stress; €"" = wall strain at maximum active stress; -AD/D.^, = maximum active diameter response; P^ = pressure at maximum active stress response; HT = hypertensive.
*p < 0.05, compared with control values.
computed from the chemical analyses. Values of cell solids were estimated as the difference between total solids and connective tissue solids. The contributions from other extracellular solids were ignored in this analysis but are expected to produce only a modest overestimation of cellular solid content. 24 These estimates of cell solids were combined with estimates of cell water to give values of relative cell volume in the various arteries. As indicated in Table  6 , there was a significant increase in relative cell volume only for the coronary artery. Resolution of blood pressure was associated with a trend toward a reduction in the latter, but the difference was not significant and cell water content remained higher than that in controls. Also shown in Table 6 are values of maximum active stress normalized on the basis of relative cell volume. As indicated, the increased active stress in the carotid, coronary, and femoral arteries in hypertension remained when normalized to relative cell volume. Values of active cell stress were not significantly different between control and hypertensive animals for saphenous arteries. Following nephrectomy, values of active cell stress remained significantly elevated compared with control values for carotid, coronary, and femoral arteries. Again, values for the saphenous artery were not changed by nephrectomy.
Discussion
The changes in passive mechanical properties of arteries found with unilateral renal artery stenosis in the dog were similar to those previously reported in other hypertensive animal models. 36 " 40 Hypertension was associated with an increased stiffness of blood vessels manifested by a shift of stress-strain curves to the left (see Figure 2) . The failure to find a correlation between the increase in stiffness and changes in connective tissue composition is also consistent with previous studies. The reason for these differences is not yet clear, but it may be related to other differences in the arterial wall connective tissue content, its composition, or their interconnections. An increase in arterial wall crosssectional area (per unit length of artery) was associated with hypertension (i.e., wall hypertrophy). Although the results in Table 2 indicate that no change occurred in connective tissue concentration, the increase in relative size of the arteries in hypertension indicated that there was an increase in the total amount of collagen and elastin per unit length of artery in the hypertensive animals. Values of connective tissue composition were reported herein on the basis of percentage of tissue weight, which is consistent with the manner in which passive mechanics were presented as the stress-strain data.
Hypertension in this study was associated with an increase in the relative cell volume of coronary arteries only. As the cell volume was expressed on the basis of percentage of wet weight, this increase in cell volume actually represents an increase above and beyond the generalized increase in arterial wall volume (per unit length) that occurs in hypertension. This finding suggests that the synthesis of cellular components in coronary arteries is stimulated to a greater degree than other extracellular matrix elements. Recent experimental evidence suggests that this increase in cell volume represents a hypertrophy of smooth muscle cells. 41 - 42 The finding that maximum values of active stress normalized to relative cell volume remained elevated in hypertension suggests that contractile protein synthesis was stimulated to a greater degree than other wall components. This conclusion does not agree with results in other animal (species) models. 37 ' M Lupu et al. 23 reported that nephrectomy of the stenotic kidney in this animal model completely lowered blood pressure to normal levels. This was not our experience with this animal model, as nephrectomy produced in all animals only a partial return of blood pressure to prestenosis, control levels.
Partial resolution of arterial pressure by nephrectomy was associated with a trend toward a decline in the hypertension-related arterial wall changes, but not all of these changes reached the level of statistical significance. This result suggests that the balance between synthesis and degradation was likewise altered in the hypertensive arteries. The results of these studies do not allow us to distinguish, however, between changes in synthesis or degradation of specific wall components. The lack of reversal of hypertension-related changes following nephrectomy in this study is not clear. It is probably due to the fact that arterial pressure had not completely returned to normal. If the effect of increased arterial pressure (directly or indirectly) on arterial wall properties is nonlinear and more sensi- Values are means ± SEM. ACT-, *, = maximum active cell stress. *p < 0.05, compared with control values. VOL 12, No 3, SEPTEMBER 1988 tive at lower blood pressure increases, reversal would only be found with the complete return of arterial pressure to normal levels. The finding that the coronary artery behaved in a diflFerent manner than the other systemic arteries is interesting. Much larger values of active stress were found in coronary arteries from the hypertensive animals than in those from controls. The increase in active stress in coronary arteries of hypertensive animals could not be explained completely on the basis of the increase in relative cell volume. In view of the fact that multiple mechanisms are involved in the regulation of contractile responses, especially in coronary arteries, this is an interesting finding. The reasons for the differences in the coronary artery would appear to be very important to the understanding of the increased incidence of coronary and myocardial complications associated with hypertension. 43 The saphenous artery represents another site with a different response to hypertension. No significant changes occurred in active or passive mechanics or relative composition, with the exception of wall hypertrophy. The latter accounted completely for the increased pressure at which the plateau in the active pressure-diameter curve occurred (see Figure  1) . The saphenous artery has a very rich innervation from postganglionic sympathetic nerves. 44 The sympathetic innervation to an artery has been shown to have important trophic effects. 43 -** These facts may be related to the absence of changes in the saphenous artery with hypertension.
In spite of the fact that a substantial amount of work has been performed with regard to the effects of treatment on hypertensive cardiovascular changes, relatively little quantitative work exists that relates directly to the study described herein. The majority of the work in the literature has been concerned with changes in the left ventricle associated with antihypertensive therapy. There are some studies, however, from which inferences can be drawn in relation to the present study. For the most part, however, these experiments have been performed using the rat as the experimental animal, and some caution must be exercised with regard to extrapolation to the present study, which employed the dog.
In many studies involving renal hypertension in the rat using a two-kidney, one clip model, removal of the clip results in complete normalization of values of arterial pressure to control levels. 16 -17 -21 - 47 Removal of the stenosed kidney, however, is associated with an incomplete normalization of arterial pressure. 48 The removal of the kidney in our study was also associated with incomplete reversal of arterial pressure to control levels. It is unlikely that any agerelated increase in values of arterial pressure would have occurred over the period of study in these dogs. It seems more likely that structural changes, either in the peripheral vasculature or in the carotid sinus and aortic arch baroreceptor regions, caused a resetting of arterial wall properties to a different operating point.
In general, accumulation of connective tissue proteins, collagen and elastin, appears to be only partly reversed with the treatment of experimental renal hypertension. 16 Similar findings with regard to the augmented arterial wall collagen and elastin content in aortas of deoxycorticosterone acetatesalt and spontaneously hypertensive rats treated with reserpine, hydralazine, and hydrochlorothiazide have also been reported. 22 In view of the fact that the increased collagen synthesis associated with experimental or genetic forms of hypertension is completely reversed by antihypertensive therapy, 8 these results suggest that the rate of breakdown of the previously synthesized connective tissue is likewise decreased. Since incomplete reversal of the increased collagen and elastin content occurs with therapy, 20 -K it is not surprising that normalization of passive stiffness following nephrectomy was not found in this study.
Other results in the literature suggest a decrease in noncollagen alkali-soluble protein (presumably cellular) with reversal of renal hypertension in rat aorta. Indirect studies in renal hypertension as well as in the spontaneously hypertensive rat suggest that hypertrophic changes in the media at several arterial sites are completely reversed with antihypertensive therapy. 49 - 51 In addition, Warshaw et al. 51 showed that treatment of spontaneously hypertensive rats with reserpine, hydralazine, and hydrochlorothiazide decreased the hypertension-related augmented active force of mesenteric resistance vessels to levels found in normotensive rats. These latter results, however, are not in consonance with the results obtained in this study. Indeed, results presented in other studies suggest an incomplete regression of medial smooth muscle changes associated with antihypertensive therapy. 16 -21 These differences may be related to several factors, including differences in the model of hypertension, the specific arterial sites studied, the ages of the animals at the beginning of the procedures, the means of reversal of hypertension, and the duration of reversal. All of these factors could influence the subsequent response of the arterial wall to the development of hypertension and to its reversal. It is not clear in these experiments if complete normalization of arterial pressure to control levels by medical treatment would have completely reversed the hypertensionrelated arterial wall changes. A more thorough study of the time course of reversal as a function of the duration of hypertension is clearly warranted.
